Background: aortic valve replacement (AVR) the most common heart valve operation, accounts for a majority of all valve surgery performed in the elderly. The Perceval S (P) is a new aortic valve which is implanted without suturing, which causes a significant reduction in cross-clamping times (CCTs), and makes valve implantation easier and faster thanks to its collapsed profile. These features potentially allow the pool of operable patients to be expanded, even with minimally invasive surgery in isolated AVRs. Aim: to predict costs and outcomes of AVR procedures associated with this new valve in 4 European countries (Italy, France, Germany, and UK), as compared to traditional (T) valve implants, from the cost perspective of the hospital. Method: a probabilistic, patient-level simulation model was fully coded in WinBugs, permitting a seamless integration of parameter estimation and outcomes prediction, which was entirely based on the associated CCTs and on the surgical technique (mini-invasive [MiS] vs. full sternotomy [FS]), through published correlations. Unit cost were retrieved from official and literature sources for all countries. Besides the incorporated probabilistic sensitivity analysis, a series of deterministic sensitivity analyses was performed. Results: the model predicts the use of the Perceval S valve to be associated with less complications and with savings (valve cost excluded), mainly related to a reduction in surgery costs and ICU/hospital bed days. These savings ran ge from € 3,600 (Italy) to £ 3,900 (UK) for PFS in isolated AVRs and from about € 6,000 (Italy) to £ 6,700 (UK) for PMiS in isolated AVRs, and for PFS in concomitants. Extensive sensitivity analyses confirm the robustness of such findings. Conclusions: the results of the present analysis indicate that the hospital acquisition cost difference between the new sutureless Perceval S valve and traditional valves is offset by important savings in other cost items.
the first choice treatment and usually leads to an improvement in symptoms, functional status and survival. The 2006 American College of cardiology (ACC)/American Heart Association (AHA) guidelines have made a Class I recommendation for AVR in symptomatic patients with severe aortic stenosis [3] . AVR is also recommended, in certain circumstances, for patients with severe, asymptomatic aortic valve stenosis and for patients with mild-to-moderate aortic valve stenosis that undergo coronary artery bypass grafts (CABG) as there is a significant possibility INTRODUCTION Aortic stenosis is the most common valvular abnormality found in the United States [1] and its incidence is expected to increase due to the ageing patient population; as a matter of fact, the prevalence of moderateto-severe aortic stenosis increases from 2.5% at 75 years of age to 8.1% at 85 [2] . Aortic valve replacement (AVR) is the most common form of heart valve operation and accounts for 60-70% of all valve surgery performed on the elderly. In adults with severe, symptomatic, calcific aortic stenosis, AVR is cedural interventions (TAVI -Transcatheter Aortic Valve Implantation) have not been considered in this study, as their scope is defined by surgical inoperability [17] [18] [19] . To this aim, a simulation model was built to estimate the effects of using different valves and surgical techniques on clinical outcomes, possible complications and related treatment costs.
METHODS AND MATERIALS
The probabilistic, patient-level simulation model was fully coded into WinBugs, an open-source software package for Bayesian statistical analysis. The main surgical options available for patients that need AVR and are at mediumto-high surgical risk can be defined by the type of prosthesis implanted (sutureless vs. sutured) and the surgical approach to the ostium (full sternotomy [FS] vs. mini-invasive [MiS] techniques). For patients that concomitantly undergo further procedures together with AVR, the model considers only the FS technique as being relevant. This reflects current practice, as shown in the meta-analysis by Brown et al., in which only 44 out of over 2,000 MiS patients underwent concomitant procedures [20] . On this basis, there are 5 strategies evaluated in the present work; 3 for stand-alone procedures (the first for the traditional valve in full sternotomy, the second and third involve Perceval S, both in full sternotomy and in MiS. Traditional valves implanted using MiS have not been considered as this surgical procedure has failed to achieve success and widespread application in real practice due to its high complexity), and 2 for concomitant procedures (traditional valve and Perceval S, only in FS).
Clinical data sources
Published, peer-reviewed literature was relied on to feed the clinical side of our model. The correlations between CCTs and clinical outcomes were derived from an ad-hoc study, by Al-Sarraf et al., published in 2010 [11] . Surgical-technique specific outcome rates for patients with low CCT were elaborated (details in the next section) based on three matched case-control studies (Table I) . Sharony et al. published a case-control study [21] of FS vs. MiS in which groups were matched according to a large number of clinically relevant variables, thus minimizing the risk of potential confounders contributing to or causing the observed differences. De Smet et al. [22] also compared the outcomes of aortic valve replacements that that the evolution of the disease may require an AVR within the expected life time of the patient. AVR carries an operative (30 days) mortality risk of 3.0-4.0% which increases to 5.0-7.0% when performed in association with a CABG operation [1, 3] . However, this expected mortality rate may increase considerably where additional risk factors are present. Poor left ventricular systolic function increases the operative mortality risk to 8.0%-10% [4] [5] [6] [7] , and a recent study [8] highlighted an operative mortality rate of 6.5% in patients over 80 years of age. Due to the presence of a high-risk profile, a significantly large subset of patients that present indications for valve surgery are deemed ineligible for conventional valve replacement because of these high-risk features or age [9] . One survey of 92 European heart centers found that 31.8 percent of patients with severe, symptomatic, single valve disease did not undergo intervention, most frequently because of comorbidities [10] . Prolonged aortic cross-clamping times (CCTs) are an independent risk factor for worse outcomes both in general cardiac surgery procedures [11, 12] and in isolated AVR, as has been recently confirmed by the work of Ranucci et al. [13] on a sample of over 3,000 patients. The Perceval S is a new aortic valve which is implanted without suturing, which causes a significant reduction in CCTs [14] , and makes valve implantation easier and faster thanks to its collapsed profile. These features potentially allow the pool of operable patients to be expanded, even with minimally invasive surgery (i.e. surgery performed with only a small incision, whether it be a right thoracotomy or a mini-sternotomy). It is known from the literature that this kind of approach is associated with less trauma and faster recovery, but also that it is associated with increased technical difficulty, when used with traditional valves, due to the need to operate in a very limited space. This has led to the very low uptake of this approach, which the availability of sutureless valves may overcome [15, 16] . As is common for innovative technologies, the purchasing price of Perceval S is higher than traditional valves. This extra cost, however, may be partially or totally offset by savings on other components of care costs that a hospital treating a patient needing an AVR may accrue during (and after) his/ her hospital stay. Such costs may include operating theatre costs and the management of complications. The aim of the present simulation study is to comprehensively evaluate the cost of the main surgical alternatives for AVR in medium-to-high risk patients. Pro-reported on the implantation of both valve types and detailed surgical times for the sutureless valve that were very close to those observed for the corresponding technique in the Folliguet paper (37 and 34 minutes on average, respectively). These data were used for traditional valves implanted in isolated AVRs with a full sternotomy approach [24] . Finally, for traditional valves implanted in concomitant procedures, which Glauber has not reported on, data was taken from the surgical series published by McClure [25] , which shows FS-isolated CCT distribution data that are broadly equivalent to those reported by Glauber for the same valve/approach/operation combination. 
Perceval Sutureless valves in isolated and concomitant AVR procedures: an economic model shows overall decrease
The model relies on the assumptions that AVR outcomes depend on ( Figure 1) : cross clamp time; surgical technique (full sternotomy or minimal invasive surgery). In order to develop the model we followed these steps: a) the identification of the influence of CCT and technique on AVR outcomes; b) an estimation of CCT times for each alternative; c) the prediction of technique-dependant and CCT + technique dependant outcomes; d) a run and an analysis for the calibration and validation of the resulting model with published data; e) the construction of a cost structure that includes the surgery, the management of emerging adverse events (AEs), the hospital stay and all related resource consumption, and finally f) the run and full result analysis. 
Cross clamp time
To identify which outcomes are significantly influenced by the CCT, we relied on the correlation study of CCTs and clinical outcomes published by Al-Sarraf in 2010 [11] . We were particularly interested in the cases of patients with a EuroScore of above 6 that confirmed a statistically significant association between at least one of the analyzed CCT categories (< 60 min, 61-90 min, and > 90 min) and the following clinical outcomes: mortality, postoperative hospital length of stay (HLOS), ICU length of stay (ICULOS), renal complication rate, blood loss and bleeding rate, and ventilation time [11] . As can be seen in Table  III , increasing CCT times are significantly associated with the worsening of several clinically and economically relevant outcomes, such as mortality, overall and ICU lengths of stay and the occurrence of complications. For the simulation, OR estimates (vs. reference, i.e. CCTs < 60 min) reported by Al-Sarraf were transformed into relative risk (RR) distributions.
Surgical techniques (full sternotomy or minimal invasive surgery)
We identified outcomes that would depend on the surgical technique, but not on CCT, as those showing relevant differences in Sharony [21] which, however, are not influenced by CCT (according to Al-Sarraf [11] ), i.e. sepsis rate and the need for rehabilitation. The rate of permanent pace-maker implanting and stroke incidence, which were other initially considered outcomes, where later discarded as the literature reports controversial data for them. For our model, outcomes that only depend on the surgical approach are shown in Table IV .
CCT + surgical technique
To identify which outcomes depend both on CCT and surgical technique, we relied on the meta-analyses of Brown [20] Conversion to FS (%) NA 3% Table IV . Values of CCT-unrelated parameters, according to the surgical approach, from Sharony et al. [21] ternal validations consisted in comparing the model-predicted outcomes with the observed outcomes, using data from the studies on which the model is based. The external validations compared data observed in studies not involved in the modeling with model predictions obtained using only the information on CCTs and technique.
Sensitivity analyses
The probabilistic, patient-level simulation accounts for three types of uncertainty that are propagated throughout the model; the inter-individual variability among patients, uncertainty on parameter estimates (this is the reason for sampling from their full posterior distribution), and the intrinsic unpredictability of natural phenomena [26] . However, an extensive series of one-way sensitivity analyses has been incorporated to verify how influential the single modeled parameters are on the final cost estimate. These analyses are represented as tornado diagrams, in which the parameters are ranked in descending order of influence.
Definition of costs
The modeled costs structure, related to hospitalization for an AVR, is simplified in Figure 2 and implemented for the cost analysis Figure 2 . Graphical representation of the costs structure dant outcomes (according to Al-Sarraf [11] ). Those that were better with MiS despite increased CCT times were selected. For these outcomes, the model estimated technique-specific rates for CCTs < 60 min (R lowCCT - Table V) by decomposing overall observed rates (R obs -mean ± SD) using the RRs of Table III and the trial-reported distributions of CCTs for that rate, according to the general formula:
where % XCCT is the proportion of CCT times in the X category among the patient population contributing to the R obs , as estimated by WinBugs on the basis of the reported mean ± SD, assuming that these times follow a gamma distribution. An example using means only would be as follows: supposing it is known that a general population is made up of two groups, of which the relative numerousness (say, A = 50, B = 50) and the relative risk of an event between them are known (say 1:2). The overall event rate was 30% and we would like to calculate the rate in the low risk group. By solving the equation Overall Rate (30%) = %A • RiskA + %B • RiskB = 0.5 • RiskA + 0.5 • RiskA • 2 = 1.5 RiskA, we obtain RiskA = 20% and RiskB = 40%. Given the availability of the distributions for CCT zones per surgical alternative, R lowCCT and R lowXCCT for all CCT-depending outcomes, the model is able to perform a patient-level simulation by sampling a value for each parameter and predicting the individual outcome. For technique-only dependant outcomes, the simulation is simply based on the sampling of an individual value from the relative distribution for the pertinent technique.
Validation
In order to evaluate the predictive performance of the model, a series of internal and external validations were performed. The in- 28] , while the most recent valid value has been used for tariffs.
Surgery cost
An approximate cost of the procedure is calculated based on the cost of the operating theatre, including materials cost, and the value of the labor of the health care personnel involved. It was decided to omit valve costs and focus on the difference that emerges from the consumption of other resources. For this purpose, the following assumptions were made: -The theatre was considered to be employed for a mean procedure time, common to all the procedure types (on average 130 min [16] ), plus the CCT specific for each procedure, plus half an hour for room preparation/asepsis [29] . -Several health care professionals are involved during a procedure. The costs of 2 surgeons, 1 anaesthesiologist, one assistant anaesthesiologist, 1 instrumentalist, 1 perfusionist, one nurse and one health operator (for asepsis only) were considered in our analysis.
-The transfusion of a single red blood cell unit was considered for blood losses between 500 ml and one liter, above which the transfusion of two units was taken into account. -The impact of ventilation time was related to the development of ventilator-associated pneumonia, according to the cumulative incidence reported by VanHems et al. [30] . According to an analysis conducted on seven Italian operating rooms by an association of hospital medical directors, one minute of operating theatre use costs around € 22 (2008 value) [31] . The same value was modeled for the French and German analyses because of a lack of specific information, whereas a mean cost/minute of £ 20 for the year 2009 was estimated in a UK project carried out by the NHS institute for innovation and improvement [32] and used in our study. The unit cost for health personnel labor was estimated according to real hospital-borne costs for Italy, France, Germany and the UK [33] [34] [35] [36] . An official blood bag tariff was taken as a proxy of the real cost for the collection, transportation and storage of patient blood [37] [38] [39] [40] . The hospital cost of one autologous RBC unit (collection and storage) was considered for the UK analysis [41] . Unit costs, expressed as current prices, are detailed in Table VI The total cost of a hospital stay was made up of the cost of the ICU in which the patient spends the days immediately after the surgical procedure plus the cost of the standard ward which hosts the patient after the critical post-operative phase has been completed. For Italy, the cost per ward day was estimated according to a retrospective analysis of resources consumed by 87 patients hospitalized for TAVI (trans-catheter aortic valve implantation) (Ospedale Sant'Orsola di Bologna) [44] . It was decided to use an analysis conducted by the WHO for the other countries [45] . An ICU day cost was obtained from observational studies that are specific for each country, after cost items already included in the model were excluded [46] [47] [48] [49] . Unit costs, expressed as current prices, are summarized in Table VII .
Complications cost
The events considered in the present analysis as linked to the surgical procedure and complicating the normal postoperative course are sepsis, renal failure, ventilator-associated pneumonia and bleeding that leads to re-operation. The possible prolongation of a hospital stay that derives from the onset of complications is already reflected in the overall mean LOS statistics. In order to avoid double counting, complications cost has been limited to the adjunctive diagnostic tests/procedures, drugs and extra materials needed for their management. Rehabilitation was also included in the complications cost section. For all the countries, except Germany, the total adjunctive resource consumption due to the [44] 444. 59 WHO-CHOICE, 2011 [45] 448. 44 WHO-CHOICE, 2011 [45] 371. 62 WHO-CHOICE, 2011 [45] ICU day 1,109. 57 management of sepsis, with the exclusion of increased length of stay, was estimated as the difference in the mean cost per hospital day of a patient with sepsis and a patient without, multiplied by the average number of hospital days needed to manage the event [46, 50, 51] . In Germany, a bottom-up approach study into the cost per severe sepsis episode has been published [52] . According to the type of patients simulated in the present analysis, we adopted the value estimated for the surgical patients subgroup of the entire cohort enrolled in the study. The cost of hospital haemodialysis treatment was included as a complication cost for patients that developed renal failure. The real costs of two kinds of procedure (continuous and intermittent hemodialysis) were used for Italy [53] . Hospital dialysis session tariffs were used as a proxy for hospital-borne cost for the other countries, and a frequency of 3 sessions per week was assumed [40, 43, 54] . USA data were used to estimate the cost of hospital-acquired pneumonia for Italy and the UK, because of a lack of detailed data pertaining to these countries that would permit an episode cost excluding the cost an increased LOS to be calculated [55] . VAP cost in France and the UK was estimated via country-specific cost analyses [56, 57] . The cost of re-operation because of bleeding was assumed to be equal to mean procedure time, with CCT and asepsis times excluded (160 minutes), multiplied by the cost per minute of operating health personnel and room use. Finally, the cost for rehabilitation was approximated using current tariffs for reha- Perceval Sutureless valves in isolated and concomitant AVR procedures: an economic model shows overall decrease ing the first 20,000 run-in iterations, are shown in Table VIII and in Table IX . For isolated procedures, the model predicts that the total costs (net of valve) are considerably lower on average when a Perceval S valve is implanted using mini-invasive techniques than when a traditional, sutured valve is implanted using the full sternotomy approach. The comparison of the cost figures of the three considered valve/surgical approach combinations highlights that a conspicuous part of the potential saving is related to the overcoming of the need for suturing (comparison between TFS and PFS), and that another, also significant, amount can be saved by switching to the less invasive surgical approaches. The amount and relative importance of the attainable savings depend on the local setting, although the absolute estimated figures are quite consistent across the bilitation services in the 4 countries. Given the considered time horizon and guideline recommendations for post-cardiac surgery rehabilitation, this service was set at 20 days. Unit costs expressed as current prices are presented in Table VIII .
RESULTS
The internal validation series indicates that the model is satisfactorily capable of replicating observed data (Figure 3 ). The external validation shows acceptable model prediction capabilities. Even when predicted values are not particularly similar to the central estimate (mean or median, depending on the outcome), the observed data are always well within the predicted 95% CI (Figure 4) . The results of the simulations, obtained with 20,000 iterations of the model after discard- Perceval Sutureless valves in isolated and concomitant AVR procedures: an economic model shows overall decrease countries considered and range from almost € 6,000 in Italy to slightly over £ 6,700 in the UK for the TFS vs. PMiS comparison, and from roughly € 3,600 to about £ 3,900 for the PFS vs. PMiS comparison. The contribution of the different cost items to the overall saving is also variable across the countries, although the main cost difference drivers are ward stay, ICU stay, surgical procedure and rehabilitation, each contributing about a quarter in all analyzed settings. The relatively small standard error of the mean (SEM) difference indicates that these results are robust, as assessed by the probabilistic sensitivity analysis incorporated within the simulation.
For concomitant procedures, the overall predicted saving is similar to that estimated for PMiS vs. TFS in isolated procedures, although the contribution of the single cost items is quite different. The costs for rehabilitation do not contribute to the estimated differences, and consequently the effect of fewer bed days and shorter surgical procedures gain more relative importance. The uncertainty reflected in the probabilistic structure of the model can be seen in the very small SEM difference for concomitant procedures, as was the case for the isolated procedures.
The results of the deterministic sensitivity analyses for Italy are depicted in Figures 5-8 . One-way sensitivity analyses ( Figure 5 and Figure 6 ) indicate that the total cost per Perceval case is most sensitive to the unit costs of the bed days in the ward and ICU, and to the cost of rehabilitation. The average cost per implantation of traditional valves is most sensitive to the aortic cross-clamp time. The mean cost of the alternative valve/approach combinations do not overlap for either isolated or concomitant procedures within the +/-20% variation in any parameter. Single parameter two-way sensitivity analyses ( Figure 7 and Figure 8 ) were performed by concurrently worsening the estimate for Perceval by 20% and improving the same estimate for traditional by 20% (worst case), and vice versa (best case). The estimated cost difference between TFS and PMiS in isolated AVRs ranges from about € 3,710 (worst case -surgery cost per minute; +20% for P while -20% for T) to € 8,230 (best case, opposite). In concomitant procedures, the estimated cost difference between T and P ranges from € 3,570, in the hypothesis that CCTs of P are 20% higher than assumed and those of T 20% lower, and € 9,300 in the opposite case.
DISCUSSION
Health economic evaluations aim at providing a rational trade-off between rising sani- Perceval Sutureless valves in isolated and concomitant AVR procedures: an economic model shows overall decrease (prolonged mechanical ventilation, ICU and hospital stay). The present simulation study confirms that the expected reduction of morbidity rate obtained by reducing the CCT with sutureless valve implantation results in a considerable cost-saving, mainly due to a shortening of ICU and hospital stay.
The major limitation of the present study is the relatively small number of studies published in this area. Additionally, there are no randomized controlled studies to provide a high level of evidence. Due to these limitations, it is difficult to structure a model that takes into account the specific cost-savings related to a specific reduction in each morbidity event (stroke, acute renal failure, low cardiac output, etc.). However, both the ICU and the hospital stay may be considered as surrogates for "any kind of morbid events" which invariably prolong both these variables.
Modeling in health economics is intended to provide an abstraction process through a simplified simulation of the alternative interventions and their consequences, including multiple therapeutic decisions and relevant event probabilities, coupled with the associated resource consumption. The results of a model cannot, by any means, be regarded as an absolute effectiveness claim, but in their interpretation it should always be kept in mind that the objective of the analysis is the "comparative assessment" of cost and outcomes of two or more healthcare technologies evaluated "under the same set of assumptions" (i.e. the model). The results of our validation series confirm that this is also the case for the present model; comparisons between strategies systematically show the right direction and a close magnitude, although absolute estimates are not always very accurate. This is easily explained if one considers how other factors influence considered outcomes. Mortality is surely determined by individual features that are not included in the model, while lengths of stay are clearly also determined by organizational aspects, and not only by patient outcomes. But, as is inherent in the definition of independent variables, the effects of CCT and technique act on top of these baseline features, and this is reflected in our results. Another limitation that is worth mentioning concerns the input data on the cross-clamp times that have been selected. Although great effort has been put into retrieving literature data that permit CCT distributions to be assigned to the alternatives based on clear and fair criteria, the absence of a surgical series that reports on all considered technique/ tary needs and the limited health care budget through the principle of efficient allocation of resources, and at valuing medical and technological innovation in terms of willingness to pay. The assessment of the economics of an intervention, through pragmatic trials or observational studies, is a complex and expensive process which can take years or which, in some cases, is simply infeasible. However, health economics decisions have to be made, and "Such considerations (...) have led to the view held by some health economists that modeling in economic evaluation is an unavoidable fact of life" [63] . The present study proposes a cost analysis model based on the hypothesis that a reduction in CCT during the surgical replacement of a stenotic aortic valve may reduce the total cost of the procedure. This hypothesis is justified by the recent introduction of aortic valve bioprostheses (sutureless) that can be implanted in a shorter period of time, therefore decreasing the CCT. The main result of this simulation model is that the use of sutureless aortic valve bioprostheses results in an overall decrease of costs in the range of 6,000 -7,000 Euros for both isolated and combined operations. Various items determine this cost saving, the most relevant being a reduction in surgery, ICU stay and ward stay costs. Previous studies have highlighted that CCT is an independent risk factor for a number of postoperative complications in cardiac surgery, including low cardiac output and acute renal failure [11] . This leads to a direct and independent association of CCT with mechanical ventilation time and ICU and hospital stay duration [11] . It was observed that CCT has a direct impact on operative mortality for specific categories of patients; Flameng et al. [64] were able to demonstrate the existence of 1.8% increase in relative mortality risk per minute increase in CCT.
In the specific setting of surgical stenotic aortic valve replacement, Ranucci et al. [13] demonstrated that CCT is an independent predictor of a composite morbidity index (including low cardiac output, stroke, acute renal failure and mortality), with a relative increase in morbidity of 1.6% per minute CCT increase. Low cardiac output, stroke and acute renal failure are among the most common complications in cardiac surgery and consume considerable amounts of time and resources. The costs involved in this kind of complication are both direct (due to the use of specific devices, such as the intraaortic balloon pump, ventricular assist devices, hemofiltration/dialysis, etc.) and indirect analysis indicate that the hospital acquisition cost difference between the new sutureless Perceval S valve and traditional valves is offset by important savings in other cost items. This cost saving is found in reduced CCTs and/or in the increased suitability of the valve in minimally invasive techniques which leads to shorter stays in the ICU and in the hospital as a whole, due a lower occurrence of complications.
valve combinations performed by the same team may limit the reliability of these data to some extent. However, sensitivity analyses show that the conclusions are only affected to a limited extent by this uncertainty.
CONCLUSIONS
Despite some limitations that are inherent to simulation studies, the results of the present
